Abstract -To investigate the composition and function of the proteome during larval development of worker bees from a strain of Apis mellifera L. artificially selected for increased royal jelly yield, proteins were partially identified by two-dimensional gel electrophoresis, mass spectrometry and protein engine identification tools that were applied to the honeybee genome. Out of 48 high abundance proteins selected for MS fingerprinting, 22 could be identified as representing annotated genes of the honey bee. These including 9 nutrient related proteins, 6 proteins associated with carbohydrate metabolism and energy production, 3 heat shock proteins, 4 other proteins related to the metabolism of amino acids, fatty acid metabolism, larval growth and cell cycle, respectively. high royal jelly producing bee / Apis mellifera / larva / peptide mass fingerprint / proteome
INTRODUCTION
Honeybees, like many other insects, develop through complete metamorphosis from egg to larva to pupa to adult. This development occurs in the cells of the wax comb (Winston, 1979; Seeley, 1983) . After the larva hatches from the egg, it grows exponentially. At the sixth day the weight of a worker bee larvae reaches 160 mg, 1600 times more than that of the first day. During the first 48 hours, worker larvae have the same developmental rate as queen larvae, while in the following 48-96 hour period, worker larvae grow faster than queen larvae (Wang, 1965; Stabe, 1930) . At the early fifth instar (approximately 96 h of larval development), the worker larva is larger Corresponding author: Yinghong Pan, apislijk@126.com * Manuscript editor: Marla Spivak than the queen larva (Asencot and Lensky, 1976) .
A particular feature of the honeybee is the nutrition-based mechanism of caste determination (Weaver, 1966; Beetsma, 1979; Brian, 1979) . By the end of the fifth day (approximately 120 h of larval development), the queen larva is approximately 60% heavier than the worker larva (Wang, 1965) . The queen larva has a higher metabolic rate, reflected in a higher rate of oxygen uptake starting at the mid-third instar (approximately 50 h of larval development) and reaching a maximum in the mid-fourth instar (72 h) (Shuel and Dixon, 1968) . There are important differences in the levels of juvenile hormone between the two castes. It is known that the rate of juvenile hormone secretion by the corpora allata depends on the quality and quantity of the food ingested by the larvae (Beetsma, 1979; Wirtz and Beetsma, 1972) . Juvenile hormone levels increase in queen larvae during the third to fifth instar, reaching a peak at early stages of the fifth instar, when they are 15 times higher than in worker larvae (Lensky et al., 1978; Rembold, 1987; Rachinsky et al., 1990) .
Molecular genetic research indicates that specific genes are activated during worker and queen larvae development (Wheeler et al., 2006 ). An insulin-like peptide is expressed at very high levels in queen but not worker larvae during the second larval instar. Simultaneously, the gene coding for an insulin receptor is expressed at higher levels in queen larvae during the second larval instar (Evans and Wheeler, 1999) . At the crucial stage of larval caste determination the ecdysone titer and transcriptional level of transcription factors involved in cell differentiation are upregulated in queen larvae, but downregulated in worker larvae (Hepperle and Hartfelder, 2001) . Larvae raised as queens or workers differ greatly in their gene-expression patterns. Queens overexpress several metabolic enzymes, while workers show increased expression of a member of the cytochrome P450 family, hexameric storage proteins and a dihydrodiol dehydrogenase. Young larvae overexpress two putative heat-shock proteins (70 and 90 KDa), and several proteins related to RNA processing and translation (Evans and Wheeler, 2000) .
Since Italian bees have been introduced into China as early as 1930s, China's scientists paid close attention to select honeybees for increasing royal jelly yield. With 50 years of effort, China has successfully bred for a high royal jelly producing bee (Apis mellifera L.), coined "jelly bee," from the introduced Italian bee. To date, this bee has become a major royal jelly producer, and has enabled China to contribute more than 90% of the global output of royal jelly, with annual production around 2000 tons (Li, 2000; . As the honeybee (Apis mellifera L.) is becoming an increasingly important model organism for research on developmental biology, reverse genetics, aging (Amdam and Omholt, 2002) , social behavior (Robinson et al., 2005) and neurobiology (Heisenberg, 2004) , a wide range of physiological, biochemical and molecular approaches have been used to study honeybees. The recent availability of the honeybee A. mellifera genome and transcriptome of both the female castes provided new insights into the genetics of honeybees, as well as comparisons with other species (The Honeybee Genome Sequencing Consortium, 2006), which has stimulated new efforts in investigating the proteome profile using a proteomic approach during larval development. However, the protein-based information available for larval development research is rudimentary. Thus, the aim of the present study was to obtain a proteome complement of the worker bee larval development on a global scale.
MATERIALS AND METHODS

Chemicals
Immobilized pH gradients (IPG) strip (pH 3-10, Linear), two-dimensional gel electrophoresis (2-DE) marker, Bio-lyte (pH 3-10), mineral oil were purchased from Bio-Rad Laboratories Ltd. Trisbase, ammonium persulfate (AP), sodium dodecyl sulfate (SDS), N,N,N',N'-tetramethylethylene diamine (TEMED) and glycin were from Sigma. Acrylamide, N, N'-methylenebisacrylamide, Bromophenol Blue, Coomassie Brilliant Blue (CBB) G-250, thiourea, 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS), glycerol, bovine serum albumin (BSA) were purchased from Amresco. Agarose and urea were from Solarbio. Dithiothreitol (DTT) and iodoacetamide were from Merck. Trypsin was from Roche, trifluoroacetic acid (TFA), acetonitrile were from J. T. Baker.
Honeybee larvae
The line of high royal jelly producing bees (Apis mellifera L.) was from Pinghu City, Zhejiang province, China and was raised in an experimental apiary of the Bee Research Institute, Chinese Academy of Agricultural Science, Beijing, China.
Larvae of worker bees were randomly collected at 48 h (2 d), 96 h (4 d) and 144 h (6 d) hours from a frame from May to August 2006. To guarantee that the exact aged larvae were sampled, the queen was confined to a single frame for 5 hours. Subsequently, the queen was removed and the frame containing eggs was maintained in a cage made of a queen excluder, through which workers but not the queen could pass. In this manner, workers were allowed access to the developing larvae, all of which arose from eggs laid by the queen during the 5-hour confinement period. The hatched larvae were collected at 48, 96 and 144 hours by a plastic transfer tool, respectively. A total of 80 worker bees larvae were sampled from 4 colonies.
Protein extraction
Protein extraction was performed according to the method of Zhong et al. (2005) . Previous to protein extraction, the larvae were washed three times with saline solution. The larvae (1 mg larvae/10 μL buffer) were mixed in phosphate buffer (PB) pH 7.6, containing 32.5 mmol/L K 2 HPO 4 , 2.6 mmol/L KH 2 PO 4 , 400 mmol/L NaCl. The mixture was homogenized for 20 min on ice and sonicated for 2 min, centrifuged at 12 000 g and 4
• C for 10 min, and further centrifuged at 15 000 g and 4
• C for 10 min. The supernatant was removed to another tube for further use. The pellets (1 mg larvae/2 μL buffer) were mixed in PB and then centrifuged at 15 000 g and 4
• C for 10 min. The supernatant was removed and mixed into a tube containing supernatant as a PB-soluble proteins extract, while the pellets (1 mg larvae/10 μL buffer), containing PB-insoluble proteins were mixed in lysis buffer (LB) (8 mol/L urea, 2 mol/L thiourea, 4% CHAPS, 20 mmol/L Tris-base, 30 mmol/L DTT, 2% Biolyte pH 3-10). The mixture was homogenized for 10 min on ice and sonicated for 2 min and centrifuged at 15 000 g and 4
• C for 10 min. The supernatant was removed and added to the tube containing PB-soluble proteins extract, and the debris was discarded. Trichloroacetic (TCA) was added to the collected supernatants to a final concentration of 10%, and then the mixture was kept on ice for 10 min for protein precipitation and desalting. Subsequently, the mixture was centrifuged twice at 15 000 g and 4
• C for 10 min. The supernatant was discarded and the pellets (1 mg larvae/4 μL buffer) were resolved in LB, then the mixture was homogenized for 5 min on ice and sonicated for 2 min, and subsequently adjusted to pH 7.0 with 2 mol/L NaOH. The mixture containing the protein extracts of worker bee larvae was stored at -70
• C for further use.
Protein determination
Protein concentration was determined according to the method developed by Bradford (1976) using BSA as the standard. The absorption was measured at 595 nm (Beckman, spectrophotometer DU800).
Two-dimensional gel electrophoresis (2-DE)
A 500 μg protein sample was suspended in LB and then mixed with rehydration buffer (8 mol/L urea, 2% CHAPS, 0.001% bromophenol blue, 45 mmol/L DTT, 0.2% Bio-lyte pH 3-10). The mixture was loaded on a 17 cm IPG strip (pH 3-10, linear, Bio-Rad Hercules, CA, USA). Isoelectric focusing (IEF) was performed at 18
• C (Protean IEF Cell. Bio-Rad Hercules, CA, USA) according to the following program: 14 h at 50 V; 250 V for 30 min × 4 times; 1000 V for 60 min; 9000 V for 5 h; 9000 V, for 60 000 V·h. Before SDS-PAGE, the IPG strips were first equilibrated for 15 min in equilibration buffer 1 (6 M urea, 0.375 M TrisHCl (pH 8.8), 20% glycerol, 2% SDS, 2% DTT) and then continued in equilibration buffer 2 (6 M urea, 0.375 M Tris-HCl (pH 8.8), 20% glycerol, 2% SDS, 2.5% iodoacetoamide) for 15 min. After equilibration, the strip was transferred to an SDS polyacrylamide gel, 12% T separating gel (1.00 mm). Meanwhile, 10 μL of 2-DE marker was loaded onto a piece of filter paper, and then it was transferred adjacently to the acid tip of the strip when the filter paper was nearly dry. Second dimension electrophoresis, SDS-PAGE, was performed in a Protean II Xi Cell (Bio-Rad Hercules, CA, USA) at 25 mA/gel for 6.5 h. The gel was stained with CBB G250. Each sample was replicated five times and the best three runs with good reproducibility were subjected to analysis. To accurately compare spot quantities between gels that often have some variation in spot size and intensity not due to differential protein expression, normalization was done with a day 2 sample as a defined quantity of protein standard compensating for these nonexpression-related variations in spot intensity. ANOVA (Version 6.12, SAS Institute, Cary, N.C., USA), a parametric test by Duncan'method, was used to test the significance of the normalized volume in total density of identified proteins in all gels. In all statistical analysis a probability of P < 0.05 was considered to be statistically significant.
Image acquisition
Gels were scanned using a transparency mode scanner, connected to PC system, at 32-bit redgreen-blue colors and 300 dpi resolution for documentation. Images were analyzed using PDQuest V 7.3.0 (Bio-Rad Hercules, CA, USA).
Tryptic digestion
The CBB stained spots were excised and destained for 30 min using 100 mL acetonitrile (50%) and 25 mM (NH 4 )HCO 3 pH 8 (50%) for 3-4 times until the gel was transparent with no color, dried for 10 min with acetonitrile (100%). The gels were dried for 30 min using a Speed-Vac system. Then 2.5 mL of 25 mM (NH 4 )HCO 3 was added to the 25 μg trypsin (final concentration 10 ng/μL); 10 μL of this solution was pipetted on each dried protein spot and incubated for 60 min at 4
• C. The supernatant was discarded to minimize auto digestion of trypsin. Then the Eppendorf tube was turned upside down and the sample was incubated for 14 h at 37
• C. To extract the peptide fragments from the tryptic digests, 20 μL of 5% (v/v) TFA were added and incubated for 60 min at 37
• C. Thereafter, 20 μL of 50% (v/v) acetonitrile [containing 2.5% (v/v) TFA] acid were added to the gel and incubated for 60 min at 30
• C. After each step the supernatants were pooled and dried using a Speed-Vac system.
MALDI-TOF MS analysis and database search
Before obtaining the mass spectra of the peptide mixture, the digested peptides were desalted and cleaned with ZipTip C18 pipette tips (Millipore Corp., BedfordMAUSA) according to the manufacturer's instructions. All analyses were performed using a Bruker Daltonics Autoflex (Bruker Daltonics Billerica, Mass. USA) operated in the delayed extraction of 190 ns and reflector mode with an accelerating voltage of 20 KV. The peptide mixture was analyzed using a saturated solution of α-cyano-4-hydroxycinnamic acid (CHCABruker Daltonics Billerica, Mass. USA) in 50% acetonitrile/0.1% trifluoroacetic acid. External calibration was performed with a peptide calibration standard (Bruker Daltonics Billerica, Mass. USA, Part No. 206195) and internal calibration with trypsin autoproteolytic fragments. Finally, the masses of proteolytic peptide fragments, were obtained by peptide mass fingerprinting (PMF), a mass spectrometry based protein identification technique. To interpret the mass spectra of protein digests, the generated peaks lists of the tryptic peptide masses were searched against MASCOT (http://www.matrixscience.com/ search_form_select.html) and Xproteo (http:// xproteo.com:2698).
RESULTS
Protein complements of the worker larvae
Figure 1 shows a representative 2-DE protein gel corresponding to 2, 4 and 6 d-old larvae. All the gels were analyzed with the same parameters (PDQuest 7.3.0 ) (Bio-Rad Hercules, CA, USA). The results showed that 242 (Fig. 1A) , 400 (Fig. 1B) and 192 (Fig. 1C ) protein spots were detected on d 2, d 4 and d 6, respectively. Among them, 42 proteins of high abundance present in all the images (i.e. the protein was consistently resolved or expressed), and 2 and 4 spots specific to d 2 and d 6 were subjected to identification, respectively.
Within the total of 22 identified proteins (Tab. I), eight were classified as nutrient proteins and one as a storage protein. Six are functionally related to the metabolism of carbohydrates and energy production, and three were identified as heat shock proteins. Also identified were an ortholog of Lethal (2) 37Cc of Drosophila, one protein related to metabolism of amino acids and related nitrogen-containing molecules, one protein identified as involved in fatty acid metabolism, and one protein was imaginal disc growth factor 4. For the other 26 proteins we could not identify orthologs in other species..
The largest group of the identified proteins was that related to a source of nutrients for the development or growth of the larvae. These nine different forms of proteins had molecular weight (MW) values ranging from 39.98 to 113.96 KDa and with isoelectric point (pI) values ranging from 4.70 to 6.80 (spots 6, 9, 10, 11, 13, 17, 18, 20, 22) (Fig. 1, Tab. I) , including eight major royal jelly protein isoforms (corresponding to MRJPs 2 and 3) and larval serum protein 2. The second largest group of the identified proteins was those related to the metabolism of carbohydrates and energy production. These six different forms of proteins, with MW values ranging from 39.34 to 59.51 KDa and pI values from 5.25 to 9.36 (spots 1, 5, 7, 12, 14, 16) (Fig. 1 , Tab. I), were ATP synthase (EC 3.6.3.14), arginine kinase (EC 2.7.3.3), aldehyde dehydrogenase (EC 1.2.1.5), enolase (EC 4.2.1.11), phosphoglycerate mutase (EC 2.7.5.3) and ATP synthase alpha chain/mitochondrial precursor (EC 3.6.3.14), respectively. Among them, four spots (5, 7, 12, 14) were identified as proteins involved in carbohydrate and energy metabolism, and two were ATPases (spots 1, 16) (ATP synthase and ATP synthase alpha chain/mitochondrial precursor).
The third largest group of the identified proteins are believed to be heat shock proteins. Three different forms of heat shock proteins were identified (spots 2, 3 and 19), with MW ranging from 60.41 to 72.48 KDa and pI values from 5.20 to 5.60, including a 60 KDa heat shock protein, the mitochondrial precursor 60 KDa chaperonin (Hsp60), heat shock protein cognate 3 and heat shock protein 8 isoform 1 (Fig. 1 and Tab. I).
One protein was identified as a fatty acid binding protein (spot 4, Fig. 1 , Tab. I), and a second protein was identified as an ortholog of Drosophila Lethal (2) 37Cc (spot 8, Fig. 1 , Tab. I), Another one was ornithine aminotransferase (EC 2.6.1.13) related to metabolism of amino acids and related nitrogen-containing molecules (spot 15, Fig. 1 , Tab. I) and the last one was imaginal disc growth factor involved in cell cycle regulation.
Expression analysis of the identified proteins
The normalized spot volume of the identified proteins is presented in Figure 2 . Among the nutrient related proteins, five MRJP 2 were observed to be significantly higher on day 4 and day 6 than on day 2 (P < 0.05), and three MRJP 3 were all observed to be significantly higher on day 4 (P < 0.05) ( Fig. 2A) , while larval serum protein 2 (Lsp 2) started to be expressed beginning on day 6 (Fig. 2A) .
Among the six proteins related to the metabolism of carbohydrates and energy production, arginine kinase, aldehyde dehydrogenase, enolase and phosphoglyceromutase were significantly upregulated (P < 0.05) during Table I . Proteins identified in the larvae of the higher royal jelly producing strain of the honey bee (Apis mellifera L.). is the ratio of the number of amino acid in every peptide that matches with the mass spectrum divided by the total number of amino acid in the protein sequence.
2-D Gel
PMF
Matched peptide is the number of paring an experimental fragmentation spectrum to a theoretical segment of protein. Accession Number is the unique number given to mark the entry of a protein sequence to a primary or secondary database (i.e. GenBank). larval development, and ATP synthase alpha chain mitochondrial precursor was significantly down-regulated (P < 0.05), while ATP synthase showed insignificant expression changes between days 2, 4 and 6 (P > 0.05) (Fig. 2B ) Heat shock protein 60 was significantly down-regulated (P < 0.05), while heat shock protein cognate 3 was significantly upregulated (P < 0.05) and heat shock protein 8 was significantly higher on d 4 compared to d 2 and d 6 (P < 0.05) (Fig. 2C) .
Fatty acid binding protein and imaginal growth factor were up-regulated significantly on d 2 and d 4 and reached the highest level on d 6 (P < 0.05). Lethal (2)Cc and ornithine aminotransferase (EC 2.6.1.13) showed no expression differences between day 2 and day 4 (P > 0.05), but increased on day 6 (P < 0.05) (Fig. 2D) .
DISCUSSION
This study attempted to explain integrative gene performance during larval development in honeybees by a global approach. Proteins were extracted from whole body samples of larvae, without prior removal of the intestinal tract. Since bees do not void their gut prior to the late spinning stage, some of the proteins identified in this study (e.g., the MRJPs) may actually be gut contents deriving from food (i.e. the major royal jelly proteins) that the larvae fed. It is reasonable to assume that the young larvae contain a large amount of MRJPs and, thus, these should not be included in the "larval protein complement".
The serum (storage) proteins produced by insect larvae at the end of the feeding cycle are hexameric blood proteins with one or more type of subunits (Willott et al., 1989) . They show a tissue and temporal specificity of expression in the fat body of third instar larvae of Drosophila melanogaster (Jowett, 1985) . In the honeybee, workers showed an increased expression of larval serum proteins during development (Evans and Wheeler, 2000) . In our study we could detect this protein only on day 6 ( Fig. 2A) , which is consistent with insect larvae producing larval storage protein at the end of the feeding cycle (Willott et al., 1989) in order to store amino acids until they are needed during metamorphosis (Webb and Riddiford, 1988) .
Six identified proteins are related to the metabolism of carbohydrates and energy production, suggesting that larval development needs much energy. Queen larvae overexpress mitochondrial protein ATP synthase (Evans and Wheeler, 2000) , an enzyme that catalyzes the conversion of phosphate and adenosine diphosphate into adenosine triphosphate during oxidative phosphorylation in mitochondria (Sabbert et al., 1997; Abrahams et al., 1994) . The expression of ATP synthase was invariant during larval development (Fig. 2B) , suggesting that it is expressed in a constant manner and continuously supplies energy to larval growth. ATP synthase alpha chain, mitochondrial precursor, is a hydrogenexporting ATPase which produces ATP from ADP in the presence of a proton gradient across the membrane. The alpha chain is a regulatory subunit which belongs to the ATPase alpha/beta chain family (Kajiwara et al., 2005) . Its expression was at a high level at the early stage of larval development (Fig. 2B) , suggesting that they need more energy than larvae in the later stages of development. The following four enzymes, enolase, aldehyde dehydrogenase, arginine kinase, phosphoglycerate mutase (PGM), were all upregulated (Fig. 2B) , indicating that larval growth needs a lot of energy. Enolase, an enzyme present in muscle tissue that acts in carbohydrate metabolism (Holt and Wold, 1961) , has been found in the muscle of the forager bees (Schippers et al., 2006) . Aldehyde dehydrogenase which promotes the formation of reduced coenzymes from their oxidated forms (NAD + or NADP + ) was identified in the hypopharyngeal gland of Africanized nursehoneybees (Santos et al., 2005) , and is consistently overexpressed in the worker larvae (Evans and Wheeler, 2000) . Arginine kinase belongs to a class of kinases that play a role in the maintenance of ATP levels by the phosphorylation of the so called "phosphagens" which then serve as a high energy source from which ATP can be rapidly replenished (Pereira et al., 2000) , and is highly expressed in the compound eyes of the honey bee . A gene encoding PGM was cloned from the venom gland of Apis cerana, which catalyzes the internal transfer of a phosphate group from C-3 to C-2, which results in the conversion of 3-phosphoglycerate (3PG) to 2-phosphoglycerate (2PG) (Chander and Lamani, 1999) .
Heat shock proteins (Hsps), which are highly conserved and are the most abundant intracellular proteins, are a group of proteins that are present in all cells in all life forms (Lindquist and Craig, 1988) . They are induced when a cell undergoes various types of environmental stress like heat, cold and oxygen deprivation. Hsps are also present in cells under perfectly normal conditions. They act as 'chaperones,' making sure that the cell's proteins are correctly folded and in the right place at the right time. They also shuttle proteins from one compartment to another inside the cell, and transport old proteins to 'garbage disposals' inside the cell (Hirsch et al., 2006; Folch-Mallol et al., 2004; Binder, 2006) . Heat shock protein 60 (Hsp60) is a mitochondrial chaperonin that is typically held responsible for the transport and refolding of proteins from the cytoplasm into the mitochondrial matrix (Cheng et al., 1990; Johnson et al., 2003) . For the honeybee, there is no report on this protein at the present although it is essential from the early stages of embryogenesis of Drosophila melanogaster (Kozlova et al., 1997) .
The heat shock proteins 70 (Hsp70s) are a family of ubiquitously expressed proteins. Proteins with similar structure exist in virtually all living organisms. Members of the Hsp70s family are also involved in appropriate folding and trafficking of newly synthesized proteins in the cell. Hsc70, which is expressed constitutively, and Hsp70, the expression of which is stress-and heat shockinduced, are often considered to have similar cellular functions in this regard, but there are suggestions that the intracellular functions of these homologous but not identical proteins may differ (Goldfarb et al., 2006) . The presently identified heat shock protein 8 isoform 1, or heat shock 70 kDa protein 8 (Hspa8) and the heat shock 70 KDa protein cognate 3 (Hsc70-3), are both Hsc70, which are constitutively expressed and perform several functions (Goldfarb et al., 2006) . Hsc70-3 probably plays a role in facilitating the assembly of multimeric protein complexes inside the endoplasmic reticulum (ER) of Drosophila melanogaster (Miara et al., 2002) . A Hspa8 gene has been annotated in the honeybee genome (The Honeybee Genome Sequencing Consortium, 2006). Three putative genes coding for Hsp 20, Hsp 83 and Hsp 70 have been reported in the head of the worker bees (Kucharski and Maleszka, 2002) . The young worker larvae overexpress two putative heatshock proteins (70 and 90 KDa) (Evans and Wheeler, 2000) . The continued presence of Hsps in the larval proteome complement can probably best be explained by their general function in protein folding.
Fatty acid binding proteins (FABPs) are abundant low-molecular-weight cytosolic proteins in tissues involved in fatty acid (FA) metabolism (Kaikaus et al., 1990) . FABPs are upregulated during the six days of larval development (Fig. 2D) , which is consistent with the previously observed overexpression of FABPs in worker larvae (Evans and Wheeler, 2000) . Lethal protein belongs to the prohibitin family required for larval metabolism or for the progression of the larva into a pupa. It is expressed in early embryos, late embryos, late third instar larvae and adults of Drosophila melanogaster (Black et al., 1987; McCrady and Tolin, 1994; Wright, 1996) . For the honeybee, this protein has been annotated in a brain EST library of adult workers (Whitfield et al., 2002) , and it has since been reported to be expressed in adult bees (Kucharski and Maleszka, 2002) . Ornithine aminotransferase precursor is expressed at high levels in the fat body of third instar larvae in both Drosophila ananassae and Drosophila melanogaster, where it is related to the metabolism of amino acids and related nitrogen-containing molecules (Yoshida et al., 1997) . The three proteins mentioned above are upregulated during worker larval development (Fig. 2D) , indicating an increasing metabolic rate along with the progression from larvae to a pupa.
CONCLUSION
Although individual genes, proteins and metabolic enzymes have been extensively studied, the protein composition of larvae during development, studied by a global proteomic approach is still in its infancy. The availability of multiple high-quality genome sequences, including the honeybee genome, provides an opportunity to systemically explore the proteins involved in developmental processes.
Among 48 selected high abundance proteins from the protein complement of honey bee worker larvae, 22 were identified. Larval serum protein 2 expressed on day 6 functions to store accumulated amino acids until they are used during metamorphosis. Four proteins, enolase, arginine kinase, aldehyde dehydrogenase and phosphoglyceromutase, directly involved in carbohydrates and energetic metabolisms showed an up-regulated trend. ATP synthetase was invariable, while ATP synthase alpha chain, mitochondrial precursor, had a significantly down-regulated trend, suggesting that developmental progression requires much energy. The continued presence of Hsps, (60 KDa heat shock protein mitochondrial precursor, heat shock protein cognate 3 and heat shock protein 8 isoform 1) in the larval proteome complement can probably best be explained by their general function in protein folding. Lethal (2) 37Cc, a protein involved in DNA repair and cell cyle progression, is probably required for larval metabolism or for the progression of the larva into a pupa, ornithine aminotransferase precursor, related to metabolism of amino acids and nitrogen-containing molecules, and fatty acid binding protein involved in fatty acid metabolism, all showed an up-regulated trend with larval age.
These preliminary results indicate that larval development is a dynamic and integrated process requiring a variety of protein functions. Because these results present only some of the proteins involved in larval development, more work needs to be done to obtain a whole functional profile of proteins.
